The micromanipulator's force feedback is one of the key research contents of minimally invasive surgical robotic system. Because the micromanipulator is a kind of compact construction which is suitable for valve installation with small space in surgery, especially for the influence of disinfection method, there are major difficulties and limitations to integrate compact sensors in the end of micromanipulator. This article focuses on the 3-degree-of-freedom micromanipulator's clamping force sensing, and these three joints are actuated by wirerope driving. A clamping force sensing method is proposed based on static tension of wirerope driving, and a static model between the clamping force and wirerope's static tension is established considering the influence of real friction resistance in the mechanical system. Finally, an equivalent experimental test platform for 3-degree-of-freedom micromanipulator's clamping force sensing is set up, and then a series of experiments of the clamping force are studied. The frictional resistances of wirerope between the guide plate and guide pulley mechanism are tested, and a calibration and correction method of the experimental clamping force is proposed. The final experiment results show that the total average accuracy of experimental clamping force is about 78.3%, and it can be the basic measurement force to realize micromanipulator's clamping force feedback of a minimally invasive surgical robot.
Introduction
With the development of robotic technology and application of minimally invasive surgery (MIS), the MIS has been used more extensively with the improvement of minimally invasive surgical robot system (MISRS), and it changed the way we perceive and practice surgery. 1 The MISRS is developed based on robotics and minimally invasive medicine as the key technologies.
The advantages include precise object positioning, easy to realize MIS, performing master-slave control and remote surgery, and significant reductions in patients' pain and recovery time. 2, 3 The most well-known commercialized systems are the Zeus and the Da Vinci systems; 4,5 the next generation of MISRS has been developed, such as the DLR MIRO, 6 the RAVEN, 7 and the SOFIE. 8 Visual feedback and force feedback are the two key technologies to provide the visual and touch perceptions for doctor's operation. Since visual feedback has already been fully developed, it is successfully used in clinical surgery; it is the most direct route to build a bridge between doctors and human body operational environment. The force feedback can be divided into clamping force feedback and multivariate force/torque feedback. Some researchers studied the force feedback of MISRS, such as Mayer et al., 9 Prasad et al., 10 Seibold and Hirzinger, 11 Peirs et al., 12 and Puangmali et al. 13 These methods measure instrument's force directly by micro-force sensors installed in the manipulator's end. Because the instrument of MISRS is a compact construction which is suitable for valve installation with small space in surgery, especially for the influence of disinfection method, there are major difficulties and limitations to integrate compact sensors in the end of micromanipulator. Actually, the micromanipulator of MISRS is one kind of expensive consumable, and it can be only used within a small amount of time because the wear and tear of the rope can reduce the transmission accuracy; if the micro-force sensors are installed in the manipulator's end, the force sensors can be affected at the same time as the scrapped instrument.
If the force information of static tension of wirerope can be used in the micromanipulator's clamping force model as the input data, the clamping force can be measured indirectly, but the problem is to find a reliable relation between the static tension of wirerope and the clamping force. Wire-driven flexible robotic arm has been used in series and parallel robot extensively in recent years. Kozak et al. 14 presented an approach to compute the static displacement of a homogeneous elastic cable, and the static analysis of cable-driven robotic manipulators with non-negligible cable mass was addressed. Riehl et al. 15 studied the effects of taking cable mass into account by comparing to classical massless cable model for highlighting the real effects of such a model on cable lengths to reach a given position. Chen et al. 16 studied a kind of 7-degree-of-freedom (DoF) cable-driven manipulator, and a static equation of the manipulator is deduced according to the torque equilibrium. Li et al. 17 studied the static model of an underactuated wire-driven flexible robotic arm using the Newton-Euler method. The relations among the static wirerope tension, the real frictions, and the clamping force of 3-DoF micromanipulator are the key problems in this article.
The contribution of this article is to solve the problem of measuring the micromanipulator's clamping force without using force sensors which are installed in the manipulator's end. Because the clamping force information is included in the static tension of wirerope, a clamping force sensing method is studied based on static tension of wirerope driving, and a static model between the clamping force and wirerope's static tension is established considering the influence of real friction resistance in the mechanical system. The clamping force sensing method proposed in this article is calibrated and corrected through a series of experiments using an equivalent experimental test platform.
Problem statement
This article focuses on the 3-DoF micromanipulator's clamping force sensing of the MISRS; the prototype of 3-DoF micromanipulator is shown in Figure 1 , and its three joints are driven by the three servo motors through six wireropes. The largest diameter of forceps end is 8 mm. The frictional resistance of wirerope between the guide plate and guide pulley mechanism has to be considered in the clamping force model.
The clamping force sensing is the basic condition to realize clamping force feedback; we try to find a way to calculate the clamping force using the static tension of six wireropes because there is no micro-force sensor installed in the forceps. Two key problems have to be solved: one is the static friction force of the wirerope drive system and the other is the calibration method between the theoretical clamping force and the experimental loading clamping force.
Modeling of clamping force
In order to study the clamping force sensing of forceps (shown in Figure 1 ) conveniently, an equivalent experimental system is established, to describe the force analysis clearly, as shown in Figure 2 . The static clamping force model of the forceps and the static friction force model of wirerope pulley mechanism are proposed with detailed expressions. Figure 3 shows the static force state of the experimental forceps computer-aided design (CAD) model, in order to describe the force analysis, and some force parameter definitions are also given.
Taking forceps 1 as the research object
The component forces of the four wireropes can be calculated using equation (1)
where C a 1 represents cos (a 1 ) and S a 1 represents sin (a 1 ), so as others. According to the mechanism characteristics of the two forceps and the wireropes' orientation, the intersection angles can be derived using equation (2) 
It is easy to know that the positive pressure of the forceps inner end surfaces N O 1 f 2 and N O 2 f 2 are equal but in the opposite direction
f 1 are the positive pressures between forceps and their spindles, they can be given by equation (4)
Therefore, the static friction torque can be given by equation (5)
where f 0 = m= ffiffiffiffiffiffiffiffiffiffiffiffiffiffi 1 + m 2 p , and it is an equivalent coefficient of friction of radial shaft neck rotation.
The moment balance equation around the axis direction z is given as
The result of clamping force function of the forceps 1 can be given by equation (7)
Taking forceps 2 as the research object
The solving process is same as in section ''Taking forceps 1 as the research object,'' and the static friction torque can be given by equation (8)
The result of clamping force function of the forceps 2 can be given by equation (10)
Frictional resistance of wirerope between the guide plate and guide pulley mechanism
In order to describe the relations between the wirerope tension and total frictional resistance of 3-DoF micromanipulator, Figure 4 shows the related definition parameters. Therefore, according to the four wirerope tension and total frictional resistance in Figures 1 and 4 , the following relations are given by equation (11)
where
Through the experiment analysis on the total frictional resistance of wirerope,
can be given by the curve fitting data, and they will be discussed in section ''Experiments and analysis of P F
, and P F b fB 2
.'' Considering of the wirerope lacing method and idler pulley structure between the forceps and guide plate, in order to simplify the friction model, the four total frictional resistances of wirerope between the forceps and guide plate can be ignored as in equation (13) P F
To sum up, simultaneous equations (7) and (10)- (13), if we know the four wirerope tensions in the guide pulley mechanism, F SA 1 , F SA 2 , F SB 1 , and F SB 2 , by tension sensors, according to the structure of the related parameters and a series of experiments, the clamping force of forceps 1 and 2 can be achieved. Because the real clamping force of forceps 1 and 2 are equal based on the practical situation, the mean value of the two clamping forces can be described as the theoretical clamping force of forceps for the 3-DoF micromanipulator, as shown in equation (14)
Experimental study
In order to study the clamping force of forceps for the 3-DoF micromanipulator proposed in this article, an equivalent experimental test platform has been established as shown in Figure 5 . This experimental system can measure six tensions of wireropes for the 3-DoF micromanipulator. The pulley group of wireropes in Figure 5 is equivalent with the guide pulley mechanism of wirerope in Figure 4 , and the force conditions are the same; this experimental test platform can help to test and verify the theoretical clamping force of forceps and also can perform calibration experiment.
Experiments and analysis of
, and
In order to study the four total frictional resistances of wirerope between the guide plate and guide pulley mechanism, an experimental platform has been established to test the relations among weights, cable tension, and the total frictional resistance, as shown in Figure 6 . Six groups of experiments have been performed, and this article focuses on the clamping force, so the four groups of experimental data are used to study the results about equations (11)- (13), and the results are shown in Figure 7 . The experimental data have been fitted to straight lines so that the mathematical expressions of each straight line can be acquired. Suppose G A 1 , G B 1 , G A 2 , and G B 2 represent the weights in the experiments and F SA 1 , F SB 1 , F SA 2 , and F SB 2 represent the wirerope tensions of tension sensors, the mathematical expressions of each straight line can be described as equation (15) 
where 
Meanwhile, according to the forceps equilibrium condition in Figure 7 , a relation can be shown as follows
From simultaneous equations (15) and (17), we can obtain equation (18) as follows Figure 4 . Wirerope tension and total frictional resistance of 3-DoF micromanipulator.
: four total frictional resistances of wirerope between the forceps and guide plate;
: four total frictional resistances of wirerope between the guide plate and guide pulley mechanism; F SA1 , F SA2 , F SB1 , F SB2 : four wirerope tensions of the end in the guide pulley mechanism.
From simultaneous equations (11)- (13) and (18), we can obtain the tension of wirerope at points A and B as shown in equation (19) Experiments and analysis of clamping force F P Because the six wireropes are driven by six motors in the equivalent experimental test platform and 1 DoF is actuated by two wireropes, these two wireropes cannot be taken in one force-loop, so the initial tensions of each wirerope are not the same in every group of experiments. In order to realize an equivalent force state of the 3-DoF manipulator, the comprehensive static friction torque factors of forceps must be considered and established in every group of experiments. According to equations (5)- (7) and (10), a new parameter is proposed to describe a status when the clamping force of forceps is zero in the initial tensions of each wirerope. Because of the parameter m, the initial comprehensive static friction torques of forceps are not accurate enough. Therefore, the proposed model in section ''Modeling of clamping force'' has to be revised. Suppose two corrected parameters l 1 and l 2 , equations (7), (10), and (14) can be revised as equation (21), and this revised equation meets the condition of clamping force of forceps to be zero with the situation of initial tensions of each wirerope in the experiment, and the average clamping force of the two forceps is F 0 P . Parameters l 1 and l 2 are different with the different opening angles (OAs) in the equivalent experimental test platform, and they are the fixed values in the prototype of 3-DoF micromanipulator
In order to test and verify the revised model of clamping force of forceps proposed above, three groups of experiments have been performed with different forceps OAs. The four tensions of sensors of the three groups' data are shown in Figure 8 . Now, the two corrected parameters l 1 and l 2 can be calculated based on the initial tensions of each wirerope, when the clamping force of forceps is zero, as shown in Table 1 .
Input the four tensions of sensors of the three groups' experimental data (as shown in Figure 8 ) into model of clamping force above, and the results of theoretical clamping force are shown in Figures 9-11 . In order to verify the model of clamping force, a comprehensive average experimental clamping force is given by Figure 12 , which is the average value of the three groups of experimental clamping forces. In Figure 12 , the curve of comprehensive average experimental clamping force can be divided into two parts that can be converted into piecewise linear functions.
Calibration and correction of the experimental clamping force
In order to make the comprehensive average experimental clamping force as a standard curve of theoretical model of clamping force proposed in this article, first, the curve of comprehensive average experimental clamping force is interpolated into two curves, the piecewise linear functions are given by equation (22), and the curves are shown as the original interpolated curves in Figure 13 
Because equation (22) does not have an inverse function, if the down curve can be retroflected, the new functions will have an inverse function, so the retroflected piecewise linear functions are given by equation (23), and the curves are shown as the retroflected average curves in Figure 13 . Equation (24) is the inverse function of equation (23); therefore, the experimental clamping force can be transformed into retroflected average clamping force and then the calibration and correction of the experimental clamping force can be calculated with the demarcated average curve ( Figure 14 ) and equation (24). In order to evaluate the accuracy of the calibration and correction method and the model of clamping force, the three groups of error of experimental clamping force are given in Figure 15 . Because the first weight of clamping force is out of the range of independent variable of equation (24), this point can be ignored, and when the experiment clamping force is less than 0.0017 N, the result of clamping force can be zero approximately. When the experiment clamping force is greater than 1.9159 N, each accuracy is no less than 95% and the average accuracy is about 98.3%.
However, when the experiment clamping force is less than 1.9159 N, the average accuracy is about 60.8%, that is, the accuracy will be very low; when the clamping force is much smaller, this phenomenon influences the actual performance of clamping force feedback very little; when the experiment clamping force is within the valid range, the total average accuracy is about 78.3%.
Conclusion
This article presents a clamping force sensing method for the 3-DoF micromanipulator of a surgical robot. It is proposed based on the static wirerope tension, and a static clamping force model between the clamping force and wirerope's static tension is established considering the influence of real friction resistance in the mechanical system. A series of experiments of the clamping force are studied using an equivalent experimental test platform for testing clamping force. The frictional resistance model of wirerope between the guide plate and guide pulley mechanism is established, and a calibration and correction method of the experimental clamping force is proposed. The final experiment results show that the total average accuracy of experimental clamping force is about 78.3%. When the experiment clamping force is within the valid range, it can be the basic measurement force to realize micromanipulator's clamping force. The micromanipulator's clamping force sensing of a minimally invasive surgical robot can be preliminary realized using this method. The future work will focus on the high-precision dynamic model of wirerope, 3-DoF forceps, and servo motors and will study a method to test the wirerope tension difference using the armature currents of servo motors. Figure 15 . Error of clamping force using the calibration and correction method.
